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Oil biodegradation by native bacteria is one of the most important natural processes that can attenuate the
environmental impacts of marine oil spills. Existing models for oil biodegradation kinetics are mostly for
dissolved oil. This work developed a new mathematical model for the biodegradation of oil droplets and
applied the model to estimate the time scale for oil biodegradation under conditions relevant to the
Deepwater Horizon oil spill in the Gulf of Mexico. In the model, oil is composed of droplets of various sizes
following the gamma function distribution. Each oil droplet shrinks during the microbe-mediated degradation
at the oil-water interface. Using our developed model, we find that the degradation of oil droplets typically
goes through two stages. The first stage is characterized by microbial activity unlimited by oil-water interface
with higher biodegradation rates than that of the dissolved oil. The second stage is governed by the availability
of the oil-water interface, which results in much slower rates than that of soluble oil. As a result, compared to
that of the dissolved oil, the degradation of oil droplets typically starts faster and then quickly slows down,
ultimately reaching a smaller percentage of degraded oil in longer time. The availability of the water-oil
interface plays a key role in determining the rates and extent of degradation. We find that several parameters
control biodegradation rates, including size distribution of oil droplets, initial microbial concentrations, initial oil
concentration and composition. Under conditions relevant to the Deepwater Horizon spill, we find that the size
distribution of oil droplets (mean and coefficient of variance) is the most important parameter because it
determines the availability of the oil-water interface. Smaller oil droplets with larger variance leads to faster and
larger extent of degradation. The developed model will be useful for evaluating transport and fate of spilled oil,
different remediation strategies, and risk assessment.
Keywords: Modeling, Biodegradation, Oil droplets, Size distribution, Shrinking core model, Gulf of Mexico oil
spill, Deepwater horizon oil spillBackground
Oil spills can cause serious environmental problems and
ecological consequences. The Deepwater Horizon oil spill
in the Gulf of Mexico occurred in April 2010 is a recent
example. This spill led to the accidental release of over 4.9
million barrels of oil [1] at a depth of 1500 m [2] below
the water surface. After and during the oil spill it is a* Correspondence: lili@eme.psu.edu
1John and Willie Leone Family Department of Energy and Mineral
Engineering, The Pennsylvania State University, University Park, PA 16802,
USA
2EMS Energy Institute, The Pennsylvania State University, University Park, PA
16802, USA
Full list of author information is available at the end of the article
© 2013 Vilcáez et al.; licensee BioMed Central
Commons Attribution License (http://creativec
reproduction in any medium, provided the orcommon practice to introduce chemical dispersants near
the spill region. Under these conditions, spilled oil can not
only dissolve in sea water, but also form oil droplets of
various sizes. Although large oil droplets can rise to the
sea surface due to the buoyancy effect, previous studies
suggest that small oil droplets would remain underwater
[3-5]. As such, spilled oil can exist in both dissolved form
and as oil droplets in deep water.
Spilled oil is subject to various natural attenuation
processes, including, for example, mixing, dilution, trans-
port through advection with the sea water currents [6],
dissolution, evaporation, and biodegradation [7]. Among
these, biodegradation can play a major role in ultimatelyLtd. This is an open access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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many oil degrading microorganisms can use oil as their
electron and carbon source and oxygen as their electron
acceptor to ultimately degrade oil to carbon dioxide [8-10].
With documentation that spilled oil can occur in tiny
droplets in deep water and that natural biodegradation
can indeed occur, it is critical to estimate how fast oil
droplets can be biodegraded. Oil is in general a complex
mixture of various organic compounds, including chained
and aromatic hydrocarbons, which can differ significantly
in their biodegradation kinetics [11]. In addition, the bio-
degradation kinetics can also be affected by the initial oil
concentration, the abundance of oil degrading microbe,
the concentration of dissolved oxygen, and the availability
of the oil-water interface. It has been reported that the
greater the oil-water interface, the faster the oil deg-
radation by microbes [9,12,13]. As such, their size dis-
tribution can play a critical role in determining the
biodegradation kinetics of oil spills.
Various models have been proposed to quantify the
biodegradation kinetics of spilled oil. The majority of
existing models assume that spilled oil is in soluble form
[14-16]. Few biodegradation models have also been pro-
posed to take into account the presence of oil droplets
[17-19]. Among these, oil droplets have been assumed of
uniform size with the presence of abundant oil degrad-
ing microbes, which is not applicable for most cases.
For instance, in the Gulf of Mexico oil spill, the high
pressure at 1500 m underwater and the addition of a
chemical dispersant immediately broke the oil into tiny
oil droplets of various sizes not much bigger than the
size of a microbe (1 μm approximately), with typical
mean oil droplet size between 20 – 30 μm [20,21]. The
background oil degrading microbe concentration was
approximately 2.73 × 104 cells/ml [7]. The oil concen-
tration was approximately 0.4 mg/L [2]. If all 0.4 mg/L
of oil was assumed to exist in the form of 20 μm
diameter oil droplets, the oil droplets concentration isFigure 1 Size distribution and conceptual representation of oil drople
coefficients of variation (CV). Right: Schematic representation of dispersed o
model is for a control volume containing dispersed oil droplets with their sapproximately 1 × 105 droplets/ml. There is a signifi-
cant lack of understanding on the oil degradation
under these conditions where oil is highly dispersed
with small oil droplets.
The goal of this study is to assess the biodegradation
rates of dispersed oil droplets of mixed composition
through developing and implementing a new mathemat-
ical model. The model takes into account the size distri-
bution of oil droplets, microbial activity as a function of
the available oil-water interface, as well as the shrinking
and conversion process of oil droplets. We used the de-
veloped model to examine how various factors affect the
time scale of oil droplet biodegradation, including the
droplet size distribution, initial oil and microbial concen-
tration, maximum microbial density at the water-oil inter-
face, and the chemical composition of the oil droplets.
Mathematical model
Conceptual model of the system
Conceptually, a control volume includes the electron ac-
ceptor oxygen, oil degrading bacteria, and oil droplets.
The oil droplets have a size distribution of the gamma
function. Biodegradation of oil in this study implies
shrinkage of oil droplets by microbes attached to the
droplet surface (Figure 1), which consumes oxygen and
oil while at the same time produces carbon dioxide and
water. According to observations in the oil spill of the
Gulf of Mexico, the concentration of oxygen can remain
fairly constant without substantial drawdown [2,7]. This
is probably because of the relatively low concentration
of spilled oil in the sea water that is typically within the
range of 0.1 – 1.0 mg/L. With typical original dissolved
oxygen concentration between 3.5 – 4.0 mg/L, even the
complete biodegradation of oil will not deplete oxygen.
As such, it is assumed that oxygen does not control the
biodegradation and a slight decrease in oxygen concen-
tration does not affect the biodegradation rate of spilled
oil in sea water.ts. Left: Gamma function of oil droplet size distribution for various
il droplets in the control volume. The formulated shrinking oildroplet
izes following a gamma distribution function.
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of active oil degrading bacteria are simply the microbial
concentration times the total volume of the bulk fluid.
For the oil droplets, however, the total amount of active
biodegrading microbe depends on the microbial density
at the water-oil interface. Because the average size of a
microbe is around 1.0 μm, for most calculations the
maximum microbial density on the oil droplet is as-
sumed to be equal to 1 cell/μm2 [8]. We do vary this
value between 1.0 and 10.0 cell/μm2 in the sensitivity
analysis to understand its impact on the time scale of
degradation. The total amount of acting bacteria is then
the available water-oil interface area times the maximum
microbial density. In this study, the term oil is used to
describe the total petroleum hydrocarbons (TPH) re-
gardless of its composition. Oil droplets are assumed
to be made up of selected model compounds which are
known to persist in the environment due to their recal-
citrant nature. These chemicals are listed in Table 1
along with their biodegradation kinetic coefficients es-
timated from biodegradation measurements of pure
samples.
Oil biodegradation reactions
Oil is composed of a broad family of hundreds of chem-
ical compounds. The calculation of biodegradation rates
of the spilled oil requires information on the stoichio-
metric coefficients such as the mass of biodegraded
hydrocarbon compounds per oxygen consumed (h) and
the microbial biomass produced per mass of hydrocar-
bon compound biodegraded (Yoil) for individual or
group of hydrocarbon. Values of Yoil have been experi-
mentally determined for various hydrocarbon com-
pounds. To explicitly model also the amount of oxygen
consumed, values of h were calculated based on the
principle of energetics and substrate partition into en-
ergy production and cell synthesis. With the general
elemental composition of bacteria represented by theTable 1 Kinetic parameters for representative hydrocarbon co










Xylene (C8H10) 0.535formula C5H7O2N, the half-reaction of cell synthesis
















where the electron equivalents per mol of cell is 20e-.
Therefore, the fraction of donor electrons synthetized















where ne- is the number of donor electrons per mol of
biodegraded hydrocarbon compound (CxHy). Values of
ne- were obtained from the half-reaction of CxHy con-
version to CO2. The half-reactions of selected hydro-
carbon compounds along with their corresponding
values of ne- are listed in Table 2. Values of fs for each
individual hydrocarbon compound were then used to
calculate the mass of biodegraded hydrocarbon com-
pounds per oxygen consumed (h):
h ¼ 1‐f sð Þ a ð3Þ
where a is the mass of oxygen consumed per mass of
hydrocarbon converted to carbon dioxide when micro-
bial biomass is not synthesized (Table 3). Table 4 sum-
marizes values of h for individual hydrocarbons. These
values are consistent with the thermodynamics of bac-
teria energetics and carbon balance which states thatmpounds











Table 2 Half reactions for individual hydrocarbon
compounds
Compound Reaction ne-
Naphthalene (C10H8) C10H8 + 20H2O→ 10CO2 + 48H
+ + 48e− 48
1-Methylnaphthalene
(C11H10)
C11H10 + 22H2O→ 11CO2 + 54H
+ + 54e− 54
2-Methylnaphthalene
(C11H10)
C11H10 + 22H2O→ 11CO2 + 54H
+ + 54e− 54
2-Ethylnaphtalene
(C12H12)
C12H12 + 24H2O→ 12CO2 + 60H
+ + 60e− 60
Phenanthrene (C14H10) C14H10 + 28H2O→ 14CO2 + 66H
+ + 66e− 56
Anthracene (C14H10) C14H10 + 28H2O→ 14CO2 + 66H
+ + 66e− 56
Pyrene (C16H10) C16H10 + 32H2O→ + 16CO2 + 74H
+ + 74e− 74
Benzene (C6H6) C6H6 þ 12H2O→þ 6CO2 þ 30Hþ þ 30e− 30
Toluene (C7H8) C7H8 þ 14H2O→þ 7CO2 þ 36Hþ þ 36e− 36
Xylene (C8H10) C8H10 + 16H2O→ + 8CO2 + 42H
+ + 42e− 42
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should be similar for each unit carbon [23-25].
Biodegradation kinetics for dissolved oil
Because oil is made up of various types of hydrocarbons
of different biodegradability, the biodegradation of oil is
usually represented by a multi-substrate Monod model
where multiple growth substrates are available to oil de-
grading microbes [26,27]. In attempting to formulate the
theoretical work here we first tried both multi-substrate
and sole-substrate models for the degradation of soluble
oil. The predicted results by the two models were very
similar (not shown here). Because the kinetic coefficients
for sole-substrate models are typically more available
from total petroleum hydrocarbons (TPH) biodegrad-
ation measurements [28] or oxygen uptake measure-
ments [29] than those for multi-substrate models, for
simplicity here we chose to use the sole-substrate model
by categorizing different groups of hydrocarbon into dif-
ferent pseudo-components. The biodegradation rate ofTable 3 Oxidation reactions of hydrocarbon compounds
without including microbial growth
Compound Reaction
Naphthalene (C10H8) C10H8 + 12O2→ 4H2O + 10CO2
1-Methylnaphthalene (C11H10) C11H10 + 13.5O2→ 5H2O + 11CO2
2-Methylnaphthalene (C11H10) C11H10 + 13.5O2→ 5H2O + 11CO2
2-Ethylnaphtalene (C12H12) C12H12 + 14O2→ 6H2O + 12CO2
Phenanthrene (C14H10) C14H10 + 16.5O2→ 5H2O + 14CO2
Anthracene (C14H10) C14H10 + 16.5O2→ 5H2O + 14CO2
Pyrene (C16H10) C16H10 + 18.5O2→ 5H2O + 16CO2
Benzene (C6H6) C6H6 + 7.5O2→ 3H2O + 6CO2
Toluene (C7H8) C7H8 + 9O2→ 4H2O + 7CO2
Xylene (C8H10) C8H10 + 10.5O2→ 5H2O + 8CO2each pseudo-component is then represented by a sole-
substrate Monod’s model [30]:
rb ¼ μmax
Coil
Ks þ Coil B ð4Þ





where rb is the rate of microbial growth (cells/L − h), roil
and rO2 are the rates of oil degradation (mg-oil/L− h) and
oxygen consumption (mg-O2/L − h), respectively, μmax is
the maximum rate coefficient (h-1), Coil is the total oil con-
centration (mg/L), Ks is the half saturation constant (mg/L),
and B is the concentration of microbes (cells/L) in the bulk
fluid. The Monod equation is widely used to describe
microbial growth and substrate consumption [22].
The Monod parameters here, including μmax and Ks,
can represent the rate parameters not only due to
regular oil biodegradation, but also those affected by
other degrading mechanisms such as co-metabolism
[31,32]. In this case, the degradation of the co-metabolized
compound should still follow the degradation kinetics
of the primary compound. Therefore, the effects of co-
metabolism will be reflected in the values of these pa-
rameters however will not change the general form of
the formulation.
By using the sole-substrate model, it is assumed that
there are no interactions, including inhibition, among
different substrates. This represents one of the simplifi-
cations of the model, the validity of which may need to
be determined by experimental work in the future.
Ideally, the rate equation should include a term to repre-
sent the microbial decay. Although its incorporation in
the kinetic model is straightforward, it is not done here
because experimental data on the decay rate of oil de-
grading microbes at oil concentration levels relevant to
marine oil spills are yet to be available. As such, the rates
of bacterial growth here represent rates under relatively
optimum conditions.
To take into account the different biodegradability
of individual hydrocarbon compounds in each pseudo-
component, the oxygen demand and kinetic coefficients of
Eq. (4, 5, 6) were calculated based on the composition of




Table 4 Calculated coefficients for individual hydrocarbons
Compound MW (g/mol) Yoil (mol-cell/mol-oil) fs (e
--cell/ e--CxHy) h (mol-O2/mol-oil)
Naphthalene (C10H8) 128 0.4531 0.1888 9.7345
1-Methylnaphthalene (C11H10) 142 0.628 0.2326 10.3599
2-Methylnaphthalene (C11H10) 142 0.439 0.1626 11.3049
2-Ethylnaphtalene (C12H12) 156 0.552 0.1840 11.424
Phenanthrene (C14H10) 178 0.6300 0.2250 12.7875
Anthracene (C14H10) 178 0.6300 0.2250 12.7875
Pyrene (C16H10) 202 0.7150 0.1932 14.925
Benzene (C6H6) 78 0.7178 0.4785 3.911
Toluene (C7H8) 92 0.9933 0.5518 4.0335
Xylene (C8H10) 106 0.2345 0.1147 9.3275
Molecular weight of bacterial cells is 113 based on the formula C5H7O2N.









where YO2 is the microbial biomass produced per mass of
oxygen consumed from the biodegradation of hydrocarbon
type i, and xi is the mass fraction of the hydrocarbon type i.
All other terms with the subscript i represent the corre-
sponding parameters for each individual hydrocarbon i.
Table 1 summarizes kinetic parameters for representative re-
calcitrant hydrocarbons. The yield coefficient for oxygen is
usually not reported. Therefore, its value has been estimated
following the procedure described in previous sections.
The shrinking-core model (SCM) for the biodegradation of
one oil droplet
The kinetics of particle size reduction due to reactions
at the water-particle interface is usually represented by
the shrinking core model (SCM) [33]. The rate of par-
ticle size reduction can potentially be controlled by both
the rate of chemical transport to and away from the par-
ticle surface and the reaction rate at the particle surface.
In this work, the reaction rate at the droplet surface was
assumed to control the biodegradation process because
of the oxygen abundance and the tendency of microbes
to attach to droplet surface. Under this condition, based
on the unit surface of unreacted oil droplets, an expres-
sion for the calculation of the biodegradation rate can be











where S is the total surface area of oil droplets (μm2),
Noil is the mass of oil, and NO2 is mass of oxygen. Herethe rate of oxygen consumption per unit surface is rep-









Ks þ Coil Bs ð11Þ
here Bs is the concentration of microbes at the oil drop-
let surface.
The mass of oil (Noil) can be written in terms of the
oil droplet diameter and density:
dNoil ¼ ρ π2 D
2dD ð12Þ
where D is the oil droplet diameter and ρ is the oil dens-
ity. By substituting Eqs. (11) and (12) into Eq. (10) and
taking into account the fact that Yoil = hYO2 and S = πD
2,
the change rate of oil droplet diameter as a function of










Ks þ Coil Bs ð13Þ
Integration of Eq. (13) gives the fraction of the
biodegraded oil droplet volume (X1-droplet) as a function
of time [30]:
1− 1−X1‐droplett









Ks þ Coil Bs ð15Þ
The term X1-droplet quantifies the fraction of oil con-
version into CO2 for a single oil droplet.
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The fraction of biodegraded oil for a distribution of oil
droplets (X) is a function of the oil droplet size distribu-
tion. Therefore, Eq. (15) should be integrated to incorp-
orate the effects of droplet size distribution. This has
been done for instance by Gbor and Jia [34] and by
McIlvried and Masstoh [35]. For a surface reaction-
controlled process, the overall conversion of oil droplets
of various sizes is found by integrating Eq. (15) with re-







P Dð ÞdD ð16Þ
Here P(D) is the oil droplet size distribution function.
As reaction proceeds, a time is reached when the
smallest particle in the distribution is completely












P Dð ÞdD ð17Þ
where all oil droplets of size less than Dt are fully
reacted and thus have a conversion value of 1, and Dmax
is the size of the largest oil droplet in the control vol-
ume. The application of this condition to Eq. (16) gives
the expression to calculate Dt at any time t:
Dt ¼ k rnt ð18Þ
where oil droplets of size greater than Dt are partially
reacted.
In this study a gamma particle size distribution func-
tion is used for P(D) because this function has been
reported in studies describing the effect of chemical dis-
persants on oil droplet size distribution. This is also con-
sistent with the oil droplet size reported for the oil spill
[4,36]. The gamma function is given by:
P Dð Þ ¼ 1
βαΓ αð ÞD
α−1e−D=β ð19Þ
where μ = αβ is the mean diameter, σ = α0.5β is the stand-
ard deviation, and CV = σ/μ = 1/α0.5 is the coefficient of
variation. Substituting Eq. (19) into Eq. (18) gives the over-
all volume fraction of the biodegraded oil droplets over










α−1e−D=βdD ð20ÞConcentration of microbes on the water-oil interface
The water-oil interfacial area is an important parameter
that controls the oil droplet surface availability for the
colonization of microbes. The specific interfacial area A
(the ratio of the total surface area over the total volume















where nj is the number of oil droplets of the same diam-
eter (Dj). The total interfacial area (S) in the control vol-
ume is obtained by integrating equation (21) over the
control volume (V). Assuming that oil droplets are uni-
form in the whole control volume: S = 6Vo/ds, where
the Sauter mean droplet diameter (ds) for the shrinking

















Then, the number of cells per unit surface area of
droplet is given by:
Bs ¼ BV6Vo ds ð23Þ
where V is the control volume and Vo the volume of oil
in the control volume. Because the biodegradation of oil
droplets is assumed to take place at the water-oil inter-
face, the accumulation rate of oil degrading microbes in
the control volume is given as a function of the microbe









Controlling parameters on biodegradation kinetics
In microcosm experiments, a typical oil concentration
is in the order of tens of mg/L. In marine oil spills
like in the Gulf of Mexico, reported oil concentra-
tions are between 0.1 to 1.0 mg/L [2,7]. Oil droplet
size and its distribution have been reported to vary
significantly at different sampling points [4]. Further-
more, concentrations of biodegrading microbes can
differ extensively depending on the location of the
spill. The goal of this section is to use the formulated
model to assess the biodegradation time scale and its
sensitivity to various factors, including initial oil and
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on oil droplets, oil droplet size distribution, and oil
composition. For comparison, we also show the bio-
degradation kinetics of dissolved oil. The simultan-
eous biodegradation of dissolved and dispersed oil
droplets are not included in this work. Except for the
evaluation of the effect of chemical composition, the
composition of dissolved oil and dispersed oil drop-
lets in mole fraction used for calculations in all cases
is 0.2 for Naphthalene, 0.2 for 1-Methylnaphthalene,
0.1 for 2-Methylnaphthalene, 0.1 for 2-Ethylnaphthalene,
0.1 for Phenanthrene, 0.1 for Anthracene, 0.05 for
Pyrene, 0.05 for Benzene, 0.05 for Toluene, and 0.05
for Xylene.A1. Conversion factor X 
A2. O2 concentration
A3. Microbial biomass
Figure 2 Predicted evolution of conversion factor X, oxygen concentr
of initial oil concentrations (0.04, 0.4, and 4.0 mg/L) with the same initial m
initial microbial concentrations (2.73 × 102, 2.73 × 103, and 2.73 × 104) withBiodegradation of dissolved oil
Figure 2 shows the total conversion of dissolved oil, oxy-
gen concentration, and microbial concentration calcu-
lated using the pseudo-component Monod’s model for
three different initial dissolved oil concentrations with
initial microbe concentration of 2.73 × 104 cells/ml (left
column), and for three initial microbial concentrations
with dissolved oil concentration of 0.4 mg/L (right col-
umn). The measured concentrations were 0.4 mg/L for
oil and 2.73 × 104 cells/ml for oil degrading microbes for
the Deepwater Horizon oil spills in deep sea. With
2.73 × 104 cells/ml, the biodegradation rates are larger
with larger initial oil concentrations. For instance, with
4.0 mg/L, the rates are highest (Figure 2A1), althoughB1. Conversion factor X 
B2. O2 concentration
B3.     Microbial biomass
ation, and microbial growth for dissolved oil. Left column: Effects
icrobe concentration of 2.73 × 104 cells/ml. Right column: Effects of
the initial dissolved oil concentration of 0.4 mg/L.
Figure 3 Predicted evolution of conversion factor X at different
initial oil concentrations of dispersed oil droplets. The initial
microbial concentration is 2.73 × 104 cells/ml, the mean diameter of
oil droplets is 100 μm, and the CV value is 0.8. Compared to the
dissolved oil degradation in Figure 2, the early biodegradation is
much faster while the later biodegradation rate is much slower.
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0.8 when the oxygen was depleted (Figure 2A2), At
0.4 mg/L, the rates are smaller than with 4.0 mg/L,
however here all oil was degraded to depletion at
around 150 hours (Figure 2A1). It is interesting to note
that with even lower oil concentration of 0.04 mg/L,
the degradation rate was lower and the depletion took
much longer time (Figure 2A1). This is because the in-
crease of microbial concentration in the bulk fluid is
directly proportional to the amount of oil conversion.
In the case of initial oil concentration of 0.04 mg/L,
the microbial concentration does not increase as much
as in the case with 0.4 mg/L, as shown in Figure 2A3.
In the cases with the same initial oil concentration of
0.4 mg/L while differing initial microbial concentra-
tions differ (right column), biodegradation rates are
much faster with higher initial microbial concentra-
tion. At 2.73 × 105 cells/ml, the oil is completely de-
graded within 40 hours (Figure 2B1). In contrast, at
lower microbial concentrations, oil is not depleted
until about 150 and 200 hours. This indicates that both
initial oil and microbial concentrations can have large
impacts on the degradation of dissolved oil. With 0.4 mg/L,
all dissolved oil is 100% depleted at the three different ini-
tial microbial concentrations, as shown in Figure 2B1. As
we will show later, this is not true for the biodegradation of
oil droplets.
It is important to note that oxygen uptake under con-
ditions relevant to oil spills in marine environments does
not result in high levels of oxygen depletion [2]. Assum-
ing that the initial oxygen concentration is 6 mg/L, oxy-
gen levels after complete biodegradation of 0.4 mg/L of
spilled oil with the given composition (Figure 2B2) will
not go lower than 5 mg/L. As such, we confirm that the
effect of oxygen concentration in the biodegradation
kinetics of spilled oil in marine environments can be as-
sumed negligible.
Effect of initial oil concentration
Here we quantify the effect of initial oil droplet concen-
trations on the time evolution of the conversion factor
X. Figure 3 compares the biodegradation at the dis-
persed oil droplet concentrations of 0.04, 0.4 and
4.0 mg/L at the initial bacterial concentration of
2.73 × 104 cells/ml. With other parameters being the
same, the biodegradation rate is faster with higher ini-
tial dispersed oil droplet concentrations. With approxi-
mately 10 days, the conversion factors are 10%, 50%,
and 80% for 0.04, 0.4, and 4.0 mg/L, respectively. Com-
pared to that of the dissolved oil, the degradation of
the oil droplets starts at higher rates however levels off
at later times. The overall conversion factor for the
dissolved oil and oil droplets is similar in the 4.0 mg/L
case, because the rates of dissolved oil were alsolimited by available oxygen. However, in the 0.04 and
0.4 mg/L cases, the conversion factors are much lower
than that in the dissolved oil. In the case of 0.4 mg/L,
only 55% is degraded within 300 hours, in contrast to
the complete depletion within 130 hours in the corre-
sponding case of dissolved oil shown in Figure 2A1. The
biodegradation never reaches an exponential growth stage.
This is because the biodegradation rates of oil droplets
not only depend on substrate concentration, but also on
the availability of water-oil interface area. In the cases for
the initial oil concentration of 0.4 and 4.0 mg/L, microbes
grow without limitation at the beginning. However, at
later times, the size of oil droplets decreases, which also
reduce the amount of water-oil interface. As such, the cell
density at the water-oil interface eventually reaches its
capacity (1 cell/μm2) and is limited by the availability of
the interface.Effect of initial microbe concentration
Figure 4 shows the biodegradation of 0.4 mg/L of spilled
oil in the form of oil droplets with initial microbe con-
centrations of 2.73 × 103, 2.73 × 104, and 2.73 × 105 cells/
ml. The comparison indicates that the initial concentra-
tions of 2.73 × 103 cells/ml would suffice to trigger the
biodegradation of oil droplets at concentrations as low
as 0.4 mg/L. Microbial concentrations higher than 2.73 ×
104 cells/ml would not increase the biodegradation of oil
droplets substantially because the oil droplets surface is
fully occupied by microbes (1 cell/μm2). This is reflected
by the same biodegradation rates at 2.73 × 104 and 2.73 ×
105 cells/ml. This is very different from the biodegradation
of dissolved oil shown in Figure 2B1 where the amount of
initial microbial concentration has a significant impact on
the time scale of biodegradation.
Figure 4 Predicted evolution of the conversion factor X of
dispersed oil droplets with different initial microbial
concentrations. The initial oil concentration is 0.4 mg/L, the mean
diameter of oil droplets is 100 μm, and the CV value is 1.8.
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Oil droplets size has been reported to vary from as low
as 2.5 μm [4] to as high as 2 mm [37]. According to the
particle size data reported for oil spill at the Gulf of
Mexico, the mean oil droplet diameter in deep water
was between 20 – 30 μm. Here we use three different
mean oil droplet sizes, 10, 100, and 1000 μm, to examine
the effect of oil droplet size variation on the time scale
for oil conversion. Figure 5A shows that the biodegrad-
ation of small oil droplets (10 μm) is faster than that of
large oil droplets because the total water-oil interface is
larger with small oil droplets. Oil droplet size distribu-
tion (CV) also makes a large difference, as shown in Fig-
ure 5B. With a high variation (CV value of 2.4), it takes
about 1.0 day to degrade 50% of oil. In contrast, with a
CV value of 0.4, only 40% of oil is degraded within
10 days. This is because high variation values means lar-
ger percentages of small oil droplets, as shown in Fig-
ure 1, which provide larger oil-water interface andA. Effects of mean droplet size
Figure 5 Predicted effect of oil droplet size distribution on biodegrad
L and 2.73 × 104 cells/ml, respectively. Left: Three different mean diameters
values and the same mean diameter of 100 μm. Smaller mean droplet size
faster and larger extent of degradation.therefore leads to faster initial degradation. On the other
hand, low CV values such as 0.4 indicate relatively larger
percentage of large oil droplets, which provide less oil-
water interface for biodegradation to occur. It is gener-
ally understood that a CV of more than 2.0 indicates a
highly variable size distribution. With CV values of 1.4
and 2.4, the biodegradation rate of oil droplets with a
mean diameter of 100 μm levels off faster than with a
CV value of 0.4, indicating that once the oil droplet size
drops to certain range, oil droplet degradation occurs
very slowly.
Effect of maximum microbial density at the water-oil
interface
In this section we assess the effect of maximum micro-
bial density at the water-oil interface. For all previous
cases we assumed the maximum microbial density to be
1 cell/μm2 using the average diameter of bacterial cell of
1 μm. In reality, the maximum microbial density on
water-oil surface may be higher than 1 cell/μm2, because
the oil degrading microbes may have a small size (<1 μm
diameter), or because they may only need to be partially
in contact with the water-oil interface to effectively bio-
degrade oil droplets. For example, typically bacteria can
form biofilms which consist of layers of bacterial cells
with only the most inner layer in direct 100% contact
with the interface [38]. Microscopic electron images
have demonstrated that biofilms are often composed of
swarms of bacteria with extracellular polysaccharides
serving as the adhesive agent [39]. As an alternative, it is
also possible that nanofilaments (such as bacterial pili or
some other mobile devices) are used in respiration of
the oil rather than requiring that a single bacterium be
in constant contact with the surface [40]. In these cases,
the maximum microbial density at the interface can be
higher than 1 cell/μm2. Here we compare three casesB. Effects of CV
ation kinetics. The initial concentration of oil and microbes is 0.4 mg/
and the same coefficient of variation (CV) of 1.8; Right: Three CV
s and larger CV leads to larger water-oil-microbe contact and therefore
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cell/μm2 and with the initial concentrations of oil de-
grading microbes and oil droplets of 2.73 × 103 cells/ml
and 0.4 mg/L, respectively. Results revealed that at these
typical oil and microbial concentration levels, higher
maximum microbial density at the interface can result in
higher rates of biodegradation only if the mean diameter
of oil droplets is larger than 100 μm.
Figure 6 compares the conversion factor X and micro-
bial growth with mean oil droplet diameters of 100 (left
column) and 100 μm (right column). With the meanA1. Conversion factor X  (100 µm)
A2. Microbial biomass (100 µm)
A3. Cell density on oil droplets (100 µm)
Figure 6 Predicted evolution of conversion factor X, total microbial b
densities at the water-oil interface and with different mean oil drople
droplet mean diameter of 100 μm. Right column: Effects of maximum cell
and oil concentrations are 2.73 × 103 cells/ml and 0.4 mg/L, respectively. Thdiameter of 100 μm, the biodegradation rate increases
with increasing the maximum microbial density at the
water-oil interface. With other parameters being the
same, the conversion factor in the 1.0 cell/μm2 reaches
approximately 60%, while in the other two case the con-
version reaches close to 80%. In addition, the difference
in conversion between 1.0 and 5.0 cell/μm2 cases is
much larger than that between 5.0 and 10.0 cell/μm2.
This indicates that once the maximum microbial density
is reached at the surface (Figure 6A3), further increasing
the density will not make a difference. Correspondingly,B1. Conversion factor X (10 µm)
B2. Microbial biomass, case (10 µm)
B3. Cell density on oil droplets (10 µm)
iomass, and cell density with different maximum microbial
t size. Left column: Effects of maximum cell density with the oil
density with the oil droplet mean diameter of 10 μm. Initial microbial
e value of CV is 1.4.
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larger increase in the 5.0 and 10.0 cell/μm2 cases than in
the 1.0 cell/μm2 case, indicating the difference is caused
by the biomass growth. With the mean diameter of
10 μm, there is almost no difference among the three
cases. This is because there is already much larger total
water-oil interface area that is sufficient for the growth
of bacteria than in the case of 100 μm. As a result, the
increase in maximum microbial density does not make a
difference in biomass growth rates and in biodegradation
rates. This comparison has interesting implications. Es-
sentially, it shows that if the amount of microbe-water-oil
interface area is sufficiently large and does not limit mi-
crobial growth, the maximum microbial density does not
make a difference (Figure 6B3). However, if the amount of
water-oil interface area is relatively small and limits the
biomass growth, the maximum microbial density makes a
large difference (Figure 6A3). For the oil spill case, be-
cause the mean diameter is in the range of 20 ~ 30 μm, we
expect that the increase in maximum microbial density
will not make a large difference and that the prediction
using 1.0 cell/μm2 is a good approximation.
Effects of chemical composition
Oil is in general a complicated mixture of various types of
organic chemicals. For the oil leaked in the Gulf of
Mexico, it has been reported that the majority of the oil
(approximately 80%) are alkanes, while the rest being
other types of chemicals such as BTEX and PAHs [41,42].
Although alkanes are much easier to degrade, chemicals
such as PAHs and BTEX are recalcitrant. These chemicals
are also more toxic and carcinogenic. During the biodeg-
radation the easily biodegradable chemicals will be de-
pleted first, which leaves the recalcitrant components in
the oil droplets. As such, it is important to evaluate the
biodegradation kinetics of the oil droplets of different
chemical composition.A. Effects of oil composition (2.73×102 cells/ml)
Figure 7 Predicted effect of oil composition on the biodegradation k
Right: the initial microbial concentration is 2.73 × 104 cells/ml. Oil is compo
oil droplets is 100 μm, oil concentration is 0.4 mg/L, and the value of CV isHere we compare the degradation kinetics of three dif-
ferent chemical groups: alkanes, BTEX, and PAH. For al-
kanes, μmax and Ks values of 0.6 h
-1 and 86.0 mg/L were
used based on literature values for heneicosane [17]. For
BTEX, a μmax value of 0.32 h
-1 and a Ks value of
129.2 mg/L was used based on averaged values from lit-
erature data [16,43-47]. For PAHs, μmax and Ks values of
0.053 h-1 and 28.65 mg/L were used, respectively [32,48].
From the initial and final concentrations reported for
the biodegradation of oil spilled in the Gulf of Mexico
[7], we calculated the yield coefficient to be equeal
to1.25 × 108 cells/mg-oil. This yield coefficient was as-
sumed to be the same for alkenes, BTEX, and PAHs.
Figure 7 shows that degradation rates differ for the oil
droplets with varying chemical compositions with an ini-
tial microbial concentrations of 2.73 × 102 and 2.73 × 104
cells/ml. Note that for all cases, the mole fraction of
some PAH compounds such as anthracene has exceeded
its oil solubility of approximately 0.017 [49]. As such,
some of the PAHs are in solid form in the oil droplets. It
is assumed that the dissolved PAH in the oil droplets
will be biodegraded first and that the further dissolution
of solid PAH in the oil droplets is not rate-limiting com-
pared to the biodegradation. This is largely true because
the degradation takes thousands of hours, while the
PAH dissolution into water typically occur at the time
scale of hours [50]. With 2.73 × 102 cells/ml, oil made up
of 10% of BTEX and 10% of PAHs has been degraded
for approximately only 30% after 1000 days, while the oil
made up of 80% of alkanes has been degraded for more
than 60%. At an initial microbial concentration of 2.73 ×
104 cells/ml, the biodegradation starts faster and almost
stops once the cell density on the water-oil interface
reaches its capacity (1 cell/μm2). This is similar to our pre-
vious observations in other cases. The effects of the chem-
ical composition are larger in the case with the lower
initial microbial concentration of 2.73 × 102 cells/ml.B. Effects of oil composition (2.73×10 4 cells/ml)
inetics. Left: the initial microbial concentration is 2.73 × 102 cells/ml;
sed of alkanes (heneicosane), BETX, and PAHs. The mean diameter of
0.8.
Figure 8 Comparison of biodegradation kinetics for oil droplets
vs. dissolved oil. Initial microbial and oil concentrations are 2.73 ×
102 cells/ml and 0.4 mg/L, respectively. The value of CV is 0.8.
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Figure 8 compares the predicted biodegradation kinetics
by the shrinking oil droplet model and by the pseudo-
component model for dissolved oil at a concentration of
0.4 mg/L. This figure clearly shows the difference in deg-
radation kinetics of oil droplets and dissolved oil. The
biodegradation rates for oil droplets and dissolved oil
are both controlled by the availability of oil degrading
microbes during the initial stages with low initial con-
centrations of microbes (2.73 × 102 cells/ml). Under this
condition, the biodegradation rate of oil droplets is faster
than with dissolved oil because all new formed microbes
accumulates on the surface of oil droplets and accelerates
the biodegradation reaction, whereas new formed mi-
crobes with dissolved oil remains dispersed in the bulk
fluid.
The biodegradation of 5.0 μm size starts at the same
rate of 100 μm size because there is sufficient oil-water
interface at the beginning. However, over time the deg-
radation rate of oil droplets of 100 μm size levels off at a
conversion factor of approximately 50% due to the lack
of interface, while the biodegradation of oil droplets with
5 μm continue to increase up to 80% of complete bio-
degradation due to the larger available interface. For the
dissolved oil, the degradation rates are low at the begin-
ning but increase quickly over time. It eventually ends
up having 100% conversion factor that is higher than
that of the oil droplets, because it is not limited by the
availability of the oil-water interface.
Conclusions
The Deepwater spill in the Gulf of Mexico led to the for-
mation of large subsurface plumes of oil droplets within
several miles of the wellhead [51]. This study formulated
a new mathematical model and provided a framework to
describe the biodegradation of spilled oil with complex
chemical compositions in the form of oil droplets. We
applied the model under conditions relevant to marineoil spills and estimated the time scale of oil droplets bio-
degradation. Our results suggest that under conditions
relevant to marine oil spills where oil concentrations are
lower than 1 mg/L and background bacteria concentra-
tions are lower than 2.73 × 104 cells/ml, degradation of
dispersed oil droplets with a mean diameter lower than
100 μm typically occur in two stages. The first stage is
governed by the activity of oil degrading microbes
reflected by high biodegradation rates. The second stage
is governed by the water-oil interface availability where
the oil droplets are susceptible to slower biodegradation.
This is very different from the degradation of dissolved
oil with no interface limitation and therefore can reach a
much higher conversion factor. Compared to the dissolved
oil, degradation rates of oil droplets are typically higher in
early stages and slow down quickly in the second stage,
resulting in a much lower ultimate conversion factor
within much longer time duration.
Because water-oil interfaces play a key role in deter-
mining the oil droplet degradation, any factors that can
lead to increase in water-oil interface increase the deg-
radation rates. For example, the rates and extent of deg-
radation are larger for oil droplets with smaller mean
diameter and smaller coefficient of variation values be-
cause the oil-water surface is larger in these cases. This
is consistent with observations regarding the life time of
oil droplets. Venosa and Holder [10] suggested that dif-
ferent oil droplet size distributions that might have
resulted from the addition of different types of chemical
dispersants (Corexit 9500 and JD2000) can explain why
biodegradation rate of the oil treated with JD2000 was
several-fold higher than the biodegradation rate of the
oil treated with Corexit 9500. The fact that the amount
of “interface” among different phases or zones plays a
key role in determining overall reaction rates is also
similar to observations in other reaction systems, includ-
ing mineral dissolution and microbe-mediated redox re-
actions in subsurface environments [52-55]. Another
interesting observation is that initial bulk microbial con-
centration and maximum microbial density on water-oil
interface have relatively smaller effects compared to
dissolved oil. Besides the size distribution of oil droplets,
initial oil concentrations also have an important role in
determining the time scale for oil degradation.
The developed model will be useful for evaluating dif-
ferent remediation strategies after spill under marine en-
vironments and for predicting the timing and exposure
risk of associated spills. This work provides the basis for
future experimental work to evaluate the model and
demonstrate its utility. This model can be incorporated
into reactive transport models to explicitly evaluate the
transport and fate of spilled oil in both dissolved and oil
droplet form. A natural next step is to couple flow and
transport processes with combined biodegradation of
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the evolution of oil composition with time to more ac-
curately represent what occurs after the oil spill. This
type of simulations should be done on case by case bases
using field data on the fraction of dissolved and oil drop-
lets, oil droplet size distribution, and initial oil degrading
microbial concentrations.
It is also important to understand the results of this
work in the context of the model limitations and as-
sumption. Here we focus on the biodegradation itself
without considering other processes. In the undersea or
other natural environments, oil degradation typically oc-
curs together with other processes such as flow and
transport. Therefore it can be affected by these processes
as well. Although we used averaged kinetic parameters
to represent degradation of pseudo-compounds in each
simulation, in reality the specific rate coefficient has a
transient nature because the composition of oil droplets
changes over time. With easily degradable compounds
being transformed, the fraction of recalcitrant chemicals,
such as PAH, will increase within the oil droplets of de-
creasing size. As such, it could take a longer time for the
oil droplets to be completely degraded.
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